Background: Trypanosomes cause disease in humans and livestock in sub-Saharan Africa and rely on tsetse flies as their main insect vector. Nigeria is the most populous country in Africa; however, only limited information about the occurrence and diversity of trypanosomes circulating in the country is available.
Background
African trypanosomes are protozoan parasites causing disease in humans and livestock in sub-Saharan Africa. The trypanosomes of greatest socioeconomic importance are Trypanosoma brucei (sensu lato), T. congolense and T. vivax. They rely largely on the presence of tsetse flies (Glossina sp.) as their key biological vector, whose geographical distribution is restricted to sub-Saharan Africa.
Trypanosoma vivax can also be mechanically transmitted by other biting flies such as tabanids and Stomoxys [1] [2] [3] .
Trypanosomes are separated into salivarian and stercorarian parasites. The Salivaria are transmitted via the saliva and mouthparts of the infected vector and consist of the African trypanosomes Trypanosoma brucei (s.l.), T. congolense, T. simiae, T. godfreyi, T. suis and T. vivax. Trypanosoma brucei (s.l.) is of special medical importance, as the subspecies T. b. gambiense and T. b. rhodesiense cause the severe disease human African trypanosomiasis (HAT; sleeping sickness). Trypanosoma congolense, T. vivax and the third subspecies of T. brucei (s.l.), T. b. brucei, cause African animal trypanosomiasis (AAT; nagana) mainly in cattle and other livestock [4] .
Trypanosoma congolense and T. brucei (s.l.) first colonise the midgut before migrating to the proboscis and salivary glands of tsetse, respectively, whereas T. vivax directly migrates from the crop via the proventriculus to the proboscis [5, 6] . They are transmitted to the mammalian host during blood-feeding.
Stercorarian trypanosomes are transmitted via the faeces of blood-sucking insects, where they develop in the mid-and hindgut. Examples of this group are T. grayi, an African trypanosome infecting crocodiles [7, 8] , and T. theileri, a worldwide distributed trypanosome infecting cattle and other ungulates [1, 9] .
Trypanosomiasis is highly prevalent in sub-Saharan Africa. Nigeria is the largest economy and most populous country in Africa with an estimated population of over 190 million people in 2016 [10] . In many regions in Nigeria, people depend largely on farming and livestock rearing. Especially in remote rural regions, humans and livestock are at risk of coming into contact with infected tsetse. Reported HAT cases were low in Nigeria during the last decade, with a maximum of three newly recorded cases per year [11] . However, cases might remain unreported in rural regions of the country with restricted health surveillance. On the other hand, AAT is known to be highly prevalent. A meta-analysis of reports on AAT in Nigeria obtained over the last six decades revealed a continuous burden of the disease in cattle and prevalence of the parasites in tsetse [12] . Recent studies that relied on molecular identification of trypanosomes in tsetse [13] [14] [15] and cattle [16, 17] found T. vivax and T. congolense to be the most prevalent trypanosomes in different areas of Nigeria. Prevalence of T. b. brucei was generally low compared to T. vivax and T. congolense. The only exception is provided by a study in southern Nigeria where it was highly prevalent in tsetse (> 50%) [14] , while in northern Nigeria this parasite was not detected at all [13] . To our knowledge, an overview of parasites present in different tsetse populations from different regions in Nigeria collected within the same time and analysed with the same molecular methods has not yet been undertaken. Therefore, we collected tsetse from five sites located throughout Nigeria. The focus was largely on national parks (NP) and game reserves (GR) to investigate the role of protected areas as reservoirs for trypanosomes. Tsetse fly gut and proboscis samples were molecularly analysed to investigate the trypanosome species diversity and their genetic diversity within these locations.
Methods

Tsetse trapping
Tsetse fly trapping was carried out in March 2014 during the end of the dry season. Ijah Gwari (Niger State) was revisited for a second collection in November 2014 during the beginning of the dry season. Results obtained from both surveys in Ijah Gwari were pooled. A description of the trapping sites can be found in Shaida et al. [18] . The locations of all sites are displayed in Fig. 1 .
Fig. 1
Location of tsetse trapping sites in Nigeria. Trapping sites are marked with stars. Description of the collection sites can be found in [18] . Abbreviations: Cross River NP 1, Cross River National Park Akampka division; Cross River NP 2, Cross River National Park Butateng division; GR, Game Reserve; NP, National Park Trapping of adult tsetse was performed as described [18] . Briefly, standard biconical traps [19] (Vestergaard-Frandsen, Lausanne, Switzerland) were set up for at least 48 h at each sampling site before relocation. Flies were collected every 24 h and transported in cool boxes to the base camp for sorting, morphological species identification and dissection.
Dissections and tissue preparation
Tsetse tissues were dissected as previously described [18] . Forceps and microscope slides were decontaminated in 70% ethanol and acetone between dissections. Briefly, the proboscis was removed and carefully immersed in 200 µl of DNA/RNA preservation agent NAPA (25 mM sodium citrate, 10 mM ethylenediaminetetraacetic acid (EDTA), 5.3 M ammonium sulfate, pH 7.5 [20] ). Gut tissue was dissected out last and homogenised in 200 µl of 50 mM Tris-Cl, pH 9.0, using four 2.38 mm metal beads (MoBio Laboratories, Carlsbad, CA, USA). Fifty microlitres of the homogenate was added to 500 µl of NAPA. All samples were kept at 4 °C or frozen if possible until brought back to the laboratory.
DNA purification
DNA was purified from homogenised gut tissue in NAPA with the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the instructions of the manufacturer with the following adjustments: 100 µl of homogenate was used for purification and eluted with the same volume of elution buffer. DNA content was checked by spectrophotometric detection at 260 nm.
DNA from the proboscis was crudely extracted by a prolonged proteinase digest with 0.33 mg/ml Proteinase K (Thermo Fisher Scientific, Dreieich, Germany) in 10 mM phosphate buffer, pH 7.4 for 1 h at 55 °C, following heat inactivation of the enzyme for 45 min at 80 °C.
Trypanosomal detection
A nested PCR targeting the ITS1 region of Kinetoplastida was used for the detection of trypanosomes present [20, 21] . The method allows detection down to 100 trypanosomes within one sample [21] . For gut samples, 5 µl of purified template DNA was used. This corresponds to 0.25% of original tsetse gut tissue and allows on average the detection of a parasite load higher than 4 × 10 4 parasites present in the tsetse gut. In the case of the crude proboscis samples, 1 µl of template was used in the first reaction. For both tissues, the first reaction was diluted 1:80 and 1 µl of the dilution used in the second reaction. In both reactions, the mastermix consisted of 200 µM dNTPs, 1× DreamTaq Green Buffer, 2.5 U DreamTaq Polymerase (all Thermo Fisher Scientific) and 2 µM of each primer (Sigma-Aldrich, Darmstadt, Germany) in a final volume of 25 µl. The PCR cycle for both reactions was as follows: initial denaturation at 95 °C for 3 min; 30 cycles of 1 min at 94 °C, 30 s at 54 °C and 30 s at 72 °C; final elongation for 5 min at 72 °C.
The annealing temperature was set to 54 °C for T. congolense and T. grayi species-specific PCR. Trypanosoma grayi-specific primers require a final concentration of 4 mM MgCl 2 in both reactions [20] . Amplicons were separated on 2% TBE (Tris-Borate-EDTA buffer) agarose gels at 100 V and stained with Stain-G (Serva, Heidelberg, Germany). Size estimation was based on a low molecular weight marker, GeneRuler 50 bp DNA ladder (Thermo Fisher Scientific).
A nested PCR targeting the gGAPDH of trypanosomes was used for additional confirmation of trypanosomal detection and phylogenetic analysis. Primers were adapted from Hamilton et al. [22] and one inner primer designed in this study ( Table 1 ). The mastermix was the same as the one for ITS1 detection, except for the use of standard DreamTaq buffer (Thermo Fisher Scientific). Due to the lower sensitivity of the reaction, 7 µl of gut template and 5 µl of proboscis sample were added to the first reaction, and 5 µl of the first reaction was used undiluted in the second reaction. The first reaction was started with denaturation for 3 min Amplification products were separated in a 1.5% TAE (Tris-Acetate-EDTA buffer) agarose gel and stained as described above.
Differences in trypanosome distribution were tested for significance using the Chi-square test in Prism 8. A P-value < 0.05 was considered significant. The 95% confidence interval was calculated using Prism 8.
Sequencing of PCR products
PCR amplification products were excised from the gel and purified using the GeneJET gel purification kit (Thermo Fisher Scientific). The purified DNA was then used for direct Sanger sequencing by a commercial provider (Microsynth SeqLab, Göttingen, Germany). In the case of gGAPDH, this was sufficient in all cases. For ITS1 fragments, subcloning was necessary in several cases, especially when the DNA amplicon was smaller than 400 bp. In these cases, purified DNA fragments were cloned into pJET1.2 using the ClonJET PCR cloning kit (Thermo Fisher Scientific). Plasmids were purified and then sent for Sanger sequencing as stated above.
Sequence comparison and phylogenetic analysis
Obtained sequences were cleaned and trimmed using Geneious Pro v.5.5.9 [23] . They were aligned using the Geneious Alignment tool. gGAPDH sequences were aligned with Gap open penalty 15 and Gap extension penalty 5 to avoid the introduction of gaps in the protein coding sequence. gGAPDH sequences were translated using the translation tool from Geneious and the translation confirmed by BLAST analysis against the GenBank database.
Phylogenetic relationships were analysed using MEGA v.6 [24] . The alignments were imported from Geneious, and Neighbour-Joining trees of gGAPDH sequences calculated using complete deletion of gaps with 700 bootstrap replications for all nucleotides. The same parameters were used for the translated protein sequences.
Results
A total of 424 live tsetse were collected from five different sites throughout Nigeria ( Fig. 1 , Additional file 1: Table S1 ). From 23 of these flies, only gut or only proboscis samples were available, respectively, and a total of 413 gut samples and 412 proboscis samples were obtained for molecular analysis of Trypanosoma prevalence.
Distribution of T. grayi and other Trypanosoma species in Nigeria
Evidence for trypanosomal DNA was obtained by amplification of the ITS1 region of Kinetoplastida in 42% (95% CI: 37.4-46.9%) of the 413 analysed gut samples and 18.7% (95% CI: 15.2-22.7%) of the 412 proboscis samples (Tables 2, 3 ). Note that the prevalence detected here does not necessarily represent the number of fly infections, as molecular analysis does not differentiate between ongoing infections and residual DNA from cleared infections. Trypanosoma species were initially assigned according to ITS1 amplicon lengths [20, 21] . Species identification was further confirmed by sequencing of representative ITS1 amplicons or by additional sequencing of part of the Table 2 Prevalence (in %) of Trypanosoma species in the different collection sites in the tsetse gut Notes: Trypanosoma species were assigned according to ITS1 size [20, 21] and confirmed by sequencing of selected ITS1 and gGAPDH amplicons [22] . The lower and upper limits of the 95% confidence interval are indicated in parentheses
All
Yankari GR Kainji Lake NP Old Oyo NP Cross River NP Ijah Gwari T. theileri 0.5 (0.1-1.7) 1.9 (0-4.9) Table 3 Prevalence (in %) of Trypanosoma species in the different collection sites in the tsetse proboscis Notes: Trypanosoma species were assigned according to ITS1 size [20, 21] and confirmed by sequencing of selected ITS1 and gGAPDH amplicons [22] . The lower and upper limits of the 95% confidence interval are indicated in parentheses gGAPDH gene [22] (for details on analysed samples and sequences, see Additional file 1: Table S1 ).
The most prevalent Trypanosoma species encountered in this study were T. grayi and T. congolense in gut tissue and T. vivax and unexpectedly T. grayi in proboscis. A comprehensive overview of Trypanosoma species detected in each sampling site is shown in Additional file 2: Figure S1 .
Trypanosome distribution in tsetse gut samples
Overall, the Trypanosoma species diversity in tsetse gut samples was low. Trypanosoma grayi was the most prevalent species encountered at all sampling sites ( Fig. 2a , Table 2 , Additional file 2: Figure S1 ). Overall prevalence in the different sampling sites ranged from 6% (95% CI: 1.6-16.2%) in Ijah Gwari to 55.3% (95% CI: 48.2-62.2%) in Old Oyo NP ( Table 2 , Fig. 2a ). An ITS1 amplicon length of approximate 320 bp is characteristic for T. grayi. However, amplicons in this size range could also be attributed to T. simiae (345 bp), T. simiae Tsavo (320 bp) or T. theileri (350 bp). Therefore, ITS1 and/or gGAPDH sequences of 35 samples that showed the 320 bp ITS1 fragment were analysed to confirm the Trypanosoma species present. All sequences shared high nucleotide identity with the respective T. grayi sequences (details on sequences and sequence origins can be found in Additional file 1: Table S1 ). Interestingly, a 500 bp amplicon was amplified together with T. grayi in half of the cases (51.6%, Additional file 3: Table S2 ). It is important to note that the 500 bp product was never detected alone.
Trypanosoma congolense was the second most prevalent Trypanosoma species detected in gut samples. Prevalence of T. congolense ranged from 3.2% (95% CI: 1.5-6.7%) in Old Oyo NP to 8.9% (95% CI: 3.5-20.7%) in Yankari GR ( Fig. 2a , Table 2 ). ITS1 (6 samples) and/ or gGAPDH (7 samples) sequence analysis of 12 representative samples from a total of 20 T. congolense-positive samples confirmed the species assignment and allowed the identification of all three subgroups described for T. congolense: the riverine/forest subgroup was predominant with 8 cases compared to the savannah subgroup (3 cases) and Kilifi subgroup in one case.
Besides T. grayi and T. congolense, T. theileri was identified by sequencing in two gut samples in Kainji Lake NP (assigned amplicon lengths 350 bp and 400 bp, respectively; Additional file 1: Table S1 , Fig. 2a ). It should be noted that during the initial screening the amplicon sizes from these two samples were distinct from the 320 bp PCR products from T. grayi samples. In four samples, ITS1 amplicons of 200 bp were detected and assigned to T. vivax (Additional file 1: Table S1 ).
Multiple bands were detected in 87 of the 174 Trypanosoma-positive samples. In 88.5% of these cases they were due to the presence of T. grayi with the unknown 500 bp amplicon (Additional file 3: Table S2 ), which might either represent a PCR-derived artefact or a different template within the samples. Apart from this combination, double amplicons representing T. grayi and T. congolense were obtained in 9 flies.
Tsetse proboscis samples
Trypanosoma vivax was the most frequently encountered trypanosome in tsetse proboscis. Overall, 11.9% (95% CI: 9.2-15.5%) of all investigated flies carried T. vivax (Table 3 ). This was confirmed by sequencing part of the gGAPDH gene of a random subset of samples (14 of a total of 49). Strikingly, almost a third of all positive proboscis samples (28.6%) revealed an ITS1 amplicon size Trypanosoma species were assigned according to ITS1 size estimation [20, 21] and confirmed by sequencing of ITS1 and gGAPDH [22] . All cases of one Trypanosoma species were included in the species count irrespective of the presence of any other trypanosomal DNA (potential mixed infections). Error bars represent the upper limit of the 95% CI of 320 bp. Seven sequences obtained from 6 randomly chosen samples (2 by sequence analysis of ITS1, 5 by partial gGAPDH analysis; see Additional file 1: Table S1 ) were all related to T. grayi. Interestingly, in 50% of the flies that harboured T. grayi DNA in their proboscis no amplification was obtained in the gut (Additional file 3: Table S2 ). The presence of T. grayi in proboscis samples is unexpected, as the life-cycle of this parasite should be confined to the mid-and hindgut [25, 26] . Of note is that the unknown 500 bp amplicon was not observed in the proboscis.
The only other amplicons detected in proboscis were low molecular weight amplicons of unknown origin (NI100) [20] in 3.6% of the samples. Additional attempts to subclone and sequence this amplicon failed. Additionally, no amplicons were obtained with primers with gGAPDH. Therefore, the samples were not analysed further and considered negative for trypanosomes.
Notably, T. congolense was not detected in any of the analysed proboscises.
Differences in trypanosome distribution according to locations and fly species
The largest numbers of tsetse were collected in Old Oyo NP (n = 190), Kainji Lake NP (n = 111), Yankari GR (n = 49) and Ijah Gwari (combined sampling in March and November 2014: n = 53). In Cross River NP (n = 21), sampling of tsetse was restricted by environmental factors at the time of collections. The tsetse species composition at the sampling sites reflected the respective environmental conditions. In Yankari GR, Glossina morsitans submorsitans and G. tachinoides were caught in a similar ratio (53% and 47%, respectively). In Kainji Lake NP, G. tachinoides was more prevalent (86%) compared to G. m. submorsitans. In Old Oyo NP, Ijah Gwari and Cross River NP, G. palpalis palpalis was the predominant species caught. A detailed description on tsetse species distribution and unidentified Glossina species has already been given by Shaida et al. [18] .
Trypanosoma grayi was the most prevalent trypanosome detected in tsetse gut tissue in all sites visited, although its overall prevalence differed and was highest in Old Oyo NP, where more than half of the flies (55.3%) carried T. grayi DNA ( Fig. 2a , Table 2 ). Trypanosoma grayi was predominantly detected in riverine species of tsetse (Fig. 3) . In Yankari GR and Kainji Lake NP, the savannah species G. m. submorsitans and the riverine species G. tachinoides coexist. In these two locations, T. grayi was significantly more prevalent in G. tachinoides (χ 2 = 9.739, df = 1, P = 0.0018).
The prevalence of T. congolense was highest in Yankari GR. It should be noted that at this site it was predominantly detected alone. In contrast, T. congolense was frequently detected together with T. grayi in Kainji Lake NP and Old Oyo NP. Trypanosoma congolense was not present in flies from Cross River NP, which might be due to the low sample size. Overall, no correlation between fly species and prevalence was found for T. congolense (Fig. 3) .
Trypanosoma vivax was the predominant trypanosome detected in proboscis samples from Yankari GR, Kainji Lake NP and in Ijah Gwari (Fig. 2b) . However, in Old Oyo NP T. grayi was found in proboscis as frequently as T. vivax. This is partially reflected by the prevalence in the different tsetse species; in contrast to T. grayi, T. vivax was detected predominantly in the savannah species G. m. submorsitans (35%) compared to G. tachinoides (6%) collected from the same locations (Fig. 3b ).
Phylogenetic relationships of Nigerian trypanosomes
Phylogenetic analysis of gGAPDH sequences from representative samples provided insight into the diversity of the trypanosomes circulating in the different study sites. The newly generated nucleotide sequences were aligned and phylogenetic relationships inferred together with reference sequences retrieved from Gen-Bank (Fig. 4 ). Trypanosoma congolense, T. vivax and T. godfreyi clustered together, while T. theileri and T. grayi formed a second group, which is in accordance with previous analyses [22, 27] . The subgroups of T. congolense included in this analysis, T. congolense savannah and T. congolense forest, were found on the same branch, but formed two distinct clusters with strong bootstrap support. When the phylogenetic relationships were inferred from the respective translated protein sequences, both T. congolense subgroups formed [20, 21] and confirmed by sequencing of ITS1 and gGAPDH [22] . Error bars represent the upper limit of the 95% CI a homogenous cluster and were not resolved (Fig. 4b) .
This was also observed for T. vivax clusters. While the respective gGAPDH sequences segregated into different clusters at the nucleotide sequence level (Fig. 4a , T. vivax clades), they formed a homogeneous group at the amino acid level (Fig. 4b) . The exception is sample "Gms 048", that grouped further away from the other T. vivax samples on both, DNA and protein level. It should be noted that two T. vivax sequences from Ijah Gwari ("Gpp 380" and "Gpp 430") are closely related to East African isolates (EA). A third group composed of sequences obtained from various locations (Kainji Lake NP, Old Oyo NP, Ijah Gwari) did not group within previously described East African (clade EA) or West African/South American (clade WA/SA) isolates (Clade 1). Interestingly, T. grayi samples showed an even higher diversity than that observed for T. vivax and T. congolense, the distances between the clusters were larger than for the very well described T. congolense savannah and forest subgroups. Trypanosoma grayi clustered in three groups (IA and IB, II and III); of these, group III was formed by only one sequence ("Gpp197", Fig. 4a ). Notably, when the sequences were analysed at the amino acid level, these groups are still similarly defined as at the nucleotide level (Fig. 4b ).
Discussion
This study provides an overview of trypanosome species in the gut and proboscis of tsetse from different regions in Nigeria, with a focus on protected areas (GR and NP). Using molecular tools, i.e. ITS1 amplification supported by gGAPDH analysis and sequencing, we detected a limited Trypanosoma species diversity throughout the sampling sites. Three trypanosome species were frequently detected, T. grayi, T. vivax and T. congolense. Additionally, T. theileri was identified in two tsetse flies.
In contrast to the limited species diversity, a high intraspecific genetic diversity was detected within T. vivax and T. grayi populations based on gGAPDH sequence analysis (Fig. 4) . Surprisingly, T. grayi was highly prevalent in all sampling sites and DNA indicating presence of this trypanosome was amplified from 37% of all tsetse gut samples (154 of 413, Table 2 ). This is striking as T. grayi was last reported in tsetse from Nigeria in 1924 [28] . A 500 bp ITS1-amplicon of unidentified origin was detected together with T. grayi in all locations except Ijah Gwari (Additional file 2: Figure S1 ).
Principally, the use of methods with high sensitivity is associated with the risk of detecting cross-contamination between samples, i.e. during dissections. To investigate this possibility, we analysed the sequence identity of several amplicons from subsequently dissected flies. However, the sequences analysed were different, indicating that the trypanosomal DNA did not come from one single sample, which would be expected if cross-contamination would have occurred. Inconsistent presence of either the 320 bp or 320/500 bp amplicons in subsequently dissected flies further indicates that cross-contamination is unlikely.
Trypanosome prevalence in the different sampling sites
Four of the five sampling sites in our study were protected areas. We identified T. congolense and T. vivax in all locations except Cross River NP, emphasising the role of these protected areas as reservoirs for pathogenic trypanosomes. Livestock farming in close proximity to protected areas is therefore at risk of AAT transmission either due to dispersal of the flies during the wet season or during migration of livestock herds along the parks. Additionally, this finding also emphasises the problem faced in disease control programmes. Parasites circulating in wildlife within protected areas will interfere with elimination of the disease in country-wide approaches.
Previous surveys identified mainly T. congolense and T. vivax as animal pathogenic trypanosomes in Nigeria (summarised in [12] ). Our data are in accordance with this finding. Interestingly, T. vivax was more prevalent in the northern parts of the country, with the highest prevalence in Ijah Gwari, Yankari GR and Kainji Lake NP, while in the southern Old Oyo NP prevalence was lowest ( Table 3 , Fig. 2b) . Previously, a survey in cattle revealed the opposite, with a higher number of T. vivax infections in southern Nigeria [29] .
In Yankari GR, a recent survey based on ITS1 analysis identified mainly T. congolense and T. vivax, co-circulating with a few cases of T. godfreyi and T. simiae [13] . However, they did not record T. grayi. Interestingly, the authors also found a higher infection rate in female tsetse [13] , while we did not detect significant differences between sexes (Additional file 1: Table S1 ). Differences in prevalence and Trypanosoma species diversity might be explained by the use of different molecular tools or a different year and season of sampling.
No molecular data were previously available from areas within or adjacent to Kainji Lake NP. In a survey using microscopic identification in 2000, 13.6% of tsetse caught in Kainji Lake NP were found to be positive for trypanosomes, mainly identified as T. vivax or T. congolense [30] . However, it is difficult to compare these surveys, as the sensitivity and specificity of the methods used differ [31] . Kainji Lake NP was the only collection site where we detected T. theileri. This trypanosome is mostly transmitted by tabanids and Stomoxys spp. [1] and is found only occasionally in tsetse flies [32] , explaining the overall low occurrence in the tsetse samples. Interestingly, a few cases of T. vivax were detected in gut tissue in Kainji Lake NP. Although the life-cycle of this species is restricted to the mouthparts, parasites can be detected in the foregut up to four days after an infectious blood meal [6] , which might be the reason for this observation.
Similarly, molecular data on trypanosomes circulating in Cross River NP as well as Ijah Gwari have so far not been available. Despite the fact that sample numbers were low in Cross River NP, T. grayi and T. vivax were detected in several cases, although the latter was restricted to the gut indicating remains of a recent blood meal. The highest prevalence of T. vivax cases in the proboscis was recorded in Ijah Gwari where it was found cocirculating with T. congolense. This indicates that these two pathogenic parasites are prevalent in this area and pose a risk for livestock farmers.
In Old Oyo NP, prevalence of T. grayi was highest amongst all the sampling sites, while prevalence of T. congolense in the gut and T. vivax in the proboscis were lowest (Fig. 2, Tables 2, 3 ). In further studies it will be interesting to monitor the influence of T. grayi infections in tsetse on infections with another Trypanosoma sp. within the same vector.
Interestingly, T. b. brucei was highly prevalent in tsetse (approximately 50%) collected in close proximity to cattle farms in Oyo State, while T. vivax and T. congolense were detected less frequently [14] . During our surveys, we detected no DNA originating from T. brucei (s.l.), which is in agreement with previous reports that the occurrence of this parasite is low in Nigeria [13, 16, 33, 34] . These contradictory findings with respect to T. b. brucei prevalence, but also overall species diversity, might reflect seasonal or local differences of trypanosome populations, especially in close proximity to livestock farms.
Overall, the differences in trypanosome prevalence in the different locations might be due to the different Glossina species composition and animal reservoirs present. Trypanosoma grayi was detected in only a few cases in G. m. submorsitans (7%), while in G. tachinoides collected at the same locations it was detected in 34% (Fig. 4) . These findings are in good agreement with previous reports that G. morsitans rarely feed on reptiles, among which are crocodiles, the predominant hosts of T. grayi [1, 7] , while reptiles are a frequent food source for G. tachinoides and G. palpalis [35, 36] . Therefore, T. grayi might not encounter G. morsitans, which feed preferentially on suids and bovids. In accordance, Lloyd & Johnson [28] observed a correlation between presence of non-mammalian blood meal and T. grayi infection rates in tsetse between different sampling sites. During our collections, traps were set in close proximity to small streams, rivers or lakes that are potential habitats to crocodiles and other reptiles and crocodiles are widely distributed throughout all the NP and GR visited.
Vector competence might also be involved in the observed differences in prevalence between the sampling sites. For example, riverine species are considered less susceptible to T. congolense infections [37] , which might explain the lack of mature T. congolense infections in proboscis samples from our study. Additionally, T. congolense forest, the predominant subgroup identified, has been shown to be less efficient in completing its life-cycle in tsetse irrespective of the Glossina species involved [37] . Accordingly, in a previous survey in Yankari GR, the authors noted that flies carrying T. congolense forest in the gut had not developed mature infections and that the savannah subgroup appeared to mature more efficiently to infective parasites present in the proboscis [13] .
Genetic diversity
One of the main findings in this study is the genetic diversity detected within trypanosome populations, especially for T. grayi and T. vivax. Trypanosoma vivax clustered in four clades at the nucleotide sequence level (Fig. 4a ). One clade included West African and South American T. vivax-types (WA/SA) as observed previously [38, 39] . Sequences from Ijah Gwari shared high similarity with East African isolates, possibly indicating the dynamic movement of these strains across the continent. However, two more clades were identified that share less similarity with any described West or East African T. vivax strains. Clade 1 is widely spread throughout Nigeria and was found in Kainji Lake NP, Old Oyo NP and Ijah Gwari. Clade 2 is represented by only one sequence in this study. It was obtained from a G. m. submorsitans in Yankari GR (Gms048) and shared lower (96-97%) sequence identity with all other T. vivax sequences. This sequence clustered away from all other T. vivax representatives at both nucleotide and amino acid sequence level (Fig. 4a, b ). It should be further investigated whether this might be a representative of T. uniforme, a member of the Duttonella that had been frequently identified in bovines and other ungulates in Uganda and Democratic Republic of Congo in the early 20th century [40] , but has been out of focus in recent decades [39] . Otherwise, together with the other clades it might resemble different T. vivax subgroups that are circulating in Nigeria. Generally, West African isolates are considered more pathogenic than East African isolates [1] . In fact, the pathogenicity of T. vivax has been shown to be strain-(or subgroup-) dependent as observed for isolates of the same geographical region [41] . Additionally, the genetic diversity between clades 1 and 2 on the one hand and the West and East African clades on the other hand is comparable to the diversity found within T. congolense subgroups (forest, savannah and Kilifi) that also show different virulence [42] and different vector preferences [37, 43] . Thus, it seems justified to speculate that the diversity of the T. vivax clades might also translate into different pathogenicity or host range.
In comparison to T. vivax and T. congolense, T. grayi appears to be genetically even more diverse and the T. grayi-like sequences clustered into 3 clades that were defined at the nucleotide and amino acid level (Fig. 4a,  b) . A similar diversity as found here for T. grayi has been described for T. theileri. Generally considered non-pathogenic, T. theileri was found to cluster in distinct clades with recent indications of clade-dependent pathogenicity in cattle (Paguem et al., personal communication, [20, 44, 45] ). Additionally, it is surprising that DNA from T. grayi was detected in the proboscis of 22 tsetse, an observation contrasting the described life-cycle [25] . In our field collections, it was not possible to investigate the proboscis during dissection for live parasites. Therefore, we had to rely on the molecular data obtained. Recently, ITS1 amplicons derived from T. grayi were also amplified from the proboscis of two G. m. submorsitans in Cameroon [20] . These findings alone might be explained by residual DNA from a recent blood meal or even a contamination during collection or dissection. However, two studies in Northern Cameroon also identified T. grayi DNA in cattle (Paguem et al., personal communication, [20] ). This further emphasises that T. grayi has to be monitored closely.
The genetic diversity of T. vivax and T. grayi indicates genetically dynamic populations. The question remains, what is driving this genetic diversity and at what point is the genetic diversity an indicator for changes in pathogenicity or host tropism? In the case of T. brucei, transfer of a single gene can determine whether it is pathogenic to humans, and this transfer has been proven to occur during mating between human pathogenic and animal pathogenic subspecies [46] . It is not known which factors determine the host range and pathogenicity of animal pathogenic trypanosomes and mating has been proven only within two trypanosome species based on mating experiments or microsatellite data [46] [47] [48] . The genetic diversity observed here might be an indication for such events, and further research should investigate this possibility.
Conclusions
The prevalence and species diversity of trypanosomes was investigated in Nigerian tsetse flies. Although T. brucei gambiense was not identified, corresponding with previous reports of the low occurrence of HAT in Nigeria [11] , animal pathogenic trypanosomes were widely distributed in the flies. The main concern is T. vivax as a diverse and widely distributed pathogen. Trypanosoma congolense was frequently detected in tsetse gut tissue, but not in the mouthparts. Nevertheless, it is prevalent and thus animal reservoirs must be present. Yankari Game Reserve and Ijah Gwari harboured the highest prevalence of these two species and thus provide reservoirs for AAT. An unexpected finding was the high prevalence of T. grayi in all areas surveyed, with high levels reaching up to 55% in selected areas. The fact that this is, to our knowledge, the first report on the presence of T. grayi in Nigerian tsetse flies in recent years might indicate that this parasite has previously been overlooked. The high genetic diversity observed for T. vivax and T. grayi is alerting. These parasite populations have to be monitored closely to follow their geographical distribution and to elucidate their pathogenicity in potential new hosts to actively prevent outbreaks of AAT and to detect any potential changes in life-cycle and pathogenicity.
